Traumatic brain injury is the most common cause of death and disability in young people and survivors often suffer from chronic cognitive deficits. From animal, post-mortem and cognitive studies, there is now increased evidence that abnormalities in the cholinergic system may be underlying some of these deficits. This study investigated this hypothesis in a group of survivors of moderate-severe head injury (n = 31). Patients completed a comprehensive neuropsychological assessment and an MRI scan. Compared with a group of controls (matched on age, sex and premorbid intelligence quotient), the patients showed deficits in sustained attention, paired associate learning and reaction time, but comparative preservation of spatial working memory. Voxel-based morphometry revealed reduced grey matter density in the head injured group in the basal forebrain, the hippocampal formation and regions of the neocortex. These cognitive and structural results are consistent with cholinergic dysfunction. These preliminary findings suggest that cholinergic enhancers may be an effective treatment of cognitive deficits post head injury.
Introduction
Traumatic brain injury is the most common cause of death and disability in young people (Ghajar, 2000) and is sustained by $0.5-1 million individuals each year (Field, 1975; Jennett, 1996) . Advances in critical care, imaging and trauma system organizations have led to a decrease in mortality from head injury over the last 25 years (Ghajar, 2000) . However, survivors of head injury often suffer from chronic cognitive deficits. The neurochemical substrates underlying these deficits are not well understood.
There is now increasing evidence suggesting that abnormalities in the cholinergic system may contribute to these cognitive sequelae (see Arciniegas, 2003) . The cholinergic system is made up of a series of nuclei, predominantly located in the basal forebrain, which maintain discrete terminal fields and projections (see Fig. 1 ; Hanaway et al., 1998; Selden et al., 1998; Perry et al., 1999) . There are three main strands of evidence linking acetylcholine (ACh) to cognitive deficits post head injury.
The neuropsychological deficits associated with head injury are in those functions known to be modulated by cholinergic mechanisms. Pathological studies post head injury in humans and animal models suggest chronic cholinergic abnormalities in the presence of relative normality of other neurotransmitters and the results of pharmacological interventions post head injury are consistent with dysfunction of the cholinergic pathways.
Despite these caveats, impairments in attention and memory appear to be relatively consistent findings (Arciniegas et al., 1999) . Deficits in memory and sustained, selective and divided attention and delayed reaction times have been reported following severe, moderate and mild head injury (Arcia and Gualtieri, 1994; Whyte et al., 1995; Robertson et al., 1997; Hellawell et al., 1999; Chan, 2000; Polo et al., 2002) . The significance of these deficits is underlined by their impact on the patients' everyday life (see Robertson et al., 1997; Chan, 2000; Fortin et al., 2003) .
Acetylcholine has been associated with attentional performance in a number of different studies. In humans, administration of ACh modulators (including nicotine and scopolamine) modulates sustained attention performance (Rezvani and Levin, 2001 ; see Sahakian, 1988 for review) . Microdialysis studies in rats have revealed that ACh is released during sustained attention, with increased releases associated with increasing difficulty (Himmelheber et al., 2000; Dalley et al., 2001) . Acetylcholine inputs and projections are critical for the neuronal changes associated with sustained attention in the medial prefrontal cortex (Gill et al., 2000) . Further, lesions to the basal forebrain cholinergic system in rats and monkeys impair attentional performance (Muir et al., 1994; Voytko et al., 1994) . A similar deficit was also induced by infusing the basal forebrain cholinergic system with muscimol (a GABA agonist which inhibits ACh cells) (Muir et al., 1992) .
Acetylcholine has also been implicated in memory performance. In humans, scopolamine administration disrupts acquisition and recall of information, especially visuospatial information (Crow and Grove-White, 1973; Kopelman, 1986) . In contrast, nicotine improves memory performance (Rusted et al., 1995) . Furthermore, cholinesterase inhibitors have been shown to be effective in the treatment of the cognitive symptoms of attention and mnemonic impairments in patients with Alzheimer's disease (Vesey et al., 2002) . Pharmacological manipulation of the ACh system also modulates memory performance in animals (e.g. Ridley et al., 1984; Levin et al., 2003; Rogers and Kesner, 2003) . Levels of ACh release are closely associated with levels of memory performance (Ragozzino et al., 1996) and the process of consolidation appears to be associated with decreases in ACh levels (Hasselmo, 1999) . Finally, memory deficits following basal forebrain damage have been reported in both humans (Damasio et al., 1985; Abe et al., 1998) and animals (Voytko, 1996; Fine et al., 1997; Ridley et al., 1988 Ridley et al., , 1989 Ridley et al., , 1999 Barefoot et al., 2000) . It should be emphasized that these lesions are likely to include non-cholinergic neurons, meaning that the deficits observed may not be solely attributable to ACh. Nevertheless, the importance of the cholinergic system is emphasized by the finding that the memory impairment in lesioned animals is reversed following administration of an ACh agonist (Ridley et al., 1988 (Ridley et al., , 1989 Barefoot et al., 2000) .
Neuropathology studies post head injury
Pathological studies of ACh function in humans post head injury are currently limited to studies of post-mortem brain tissue. Two studies have reported widespread presynaptic cholinergic dysfunction in the neocortex (Dewar and Graham, 1996; Murdoch et al., 1998) . MRI has been used in survivors of head injury to examine the structural pattern of pathology. However, many of these studies have relied on insensitive measures of pathology or have focussed on isolated brain regions (e.g. van der Naalt et al., 1999) , making interpretation of the data difficult. Murdoch et al. (2002) reported damage to the nucleus basalis of Meynert following fatal head injury. Hanaway et al., 1998; Selden et al., 1998; Perry et al., 1999) . Bold, script indicates abnormality detected using VBM in this study. MF = Medial frontal; OF = Orbitofrontal; O = Occipital; P = Parietal; T = Temporal.
The possibility that a similar pattern of damage (although potentially less severe) is seen in survivors of head injury is supported by the studies of animal models of head injury.
Reductions in choline acetyltransferase (CHAT) positive neurons in the basal forebrain have been reported in animals post fluid percussion injury (Leonard et al., 1994; Dixon et al., 1997a; Pike and Hamm, 1997; Sinson et al., 1997) , and are accompanied by reduced CHAT activity (Gorman et al., 1996; Schmidt et al., 1999) . Other abnormalities associated with head injury in animals include reduced high-affinity choline uptake (Dixon et al., 1994a) , decreased levels of ACh (as measured by microdialysis) (Dixon et al., 1995 (Dixon et al., , 1997b and abnormalities in muscarinic receptors (Delahunty, 1992; Delahunty et al., 1994; DeAngelis et al., 1994; Jiang et al., 1994; Lyeth et al., 1994) . The anatomical regions most frequently damaged in animal models of head injury are the hippocampal formation (Leonard et al., 1997; Sihver et al., 2001; Chen et al., 2003) and the thalamus (Chen et al., 2003) . These areas are heavily innervated by ACh projections in the normal brain (see Bentivoglio and Steriade, 1990) .
Pharmacological manipulations post head injury
Although there are currently no approved pharmacological strategies for treatment of cognitive deficits post head injury (Narayan et al., 2002) , there are a few reports of improved cognition following manipulation of the ACh pathways. In single cases, administration of physostigmine has been reported to improve memory (Goldberg et al., 1982) , attention (Levin et al., 1986) and arousal (Weinberg et al., 1987) in survivors of head injury. Such amelioriation of cognitive sequelae is consistent with the hypothesis that ACh deficits underlie these difficulties. Further evidence of disruption of the ACh system in survivors of head injury comes from reports of low tolerance of ACh antagonist (Sandel et al., 1993; Stanislav, 1997; Müller et al., 1999) . Such a pattern (which is also seen in animal models of head injury (e.g. Dixon et al., 1994b; Voytko et al., 1994; Fine et al., 1997) ) is suggestive of a decreased reserve in cholinergic function in these individuals (Arciniegas et al., 1999) . Indeed, head injury is a risk factor for Alzheimer's disease, a disease with a relatively selective dysfunction of the cholinergic system at least in the early stages of the disease (Heyman et al., 1984; Mortimer et al., 1985; French et al., 1985; Graves et al., 1990; Rasmusson et al., 1995; Nemetz et al., 1999; Lye and Shores, 2000; Fleminger et al., 2003 ; but see Shalat et al., 1987; Broe et al., 1990) . The role of apolipoprotein E (ApoE) genotype in this increased risk remains unclear (e.g. Millar et al., 2003) .
In light of this evidence for a role for ACh in the cognitive sequelae of head injury, this study sought to obtain a comprehensive neuropsychological profile of survivors of head injury, using assessments known to be sensitive to cholinergic dysfunction. In addition, MRI scans were obtained and analysed using voxel-based morphometry (VBM) in order to search throughout the brain for structural changes consistent with abnormalities of the cholinergic system in survivors of head injury.
Material and methods
This study had ethical approval from the Cambridge Local Research Ethics Committee (LREC 97/270) and consent was obtained according to the Declaration of Helsinki.
Patients and control participants
Thirty-one patients were recruited from a group of patients suffering from traumatic head injury who required admission to the Neurosciences Critical Care Unit, Addenbrooke's Hospital, Cambridge. Individuals suffering from neurodegenerative diseases were excluded. All patients were at least 6 months post injury. Thirtytwo control volunteers were recruited. Individuals (both patients and control volunteers) with a prior history of contact with neurological or psychiatric services were excluded. Individuals (in either group) with a history of alcoholism (including pre-and post-injury) were excluded from the study (to rule out the possibility that findings were attributable to neural changes associated with alcoholism -see Weiss and Porrino, 2002) . Premorbid full-scale intelligence quotient (IQ) was measured using the National Adult Reading Test (NART) (Nelson, 1982) and participants completed the Mini Mental State Examination (MMSE) (Folstein et al., 1975) and the Beck Depression Inventory (BDI) (Beck, 1970) .
The sample was compared with previously published cohort Neuroscience Critical Care Unit data to determine how representative of the entire intensive care treated head injury population it was (Patel et al., 2002) . Mean age (our sample: 34 years; Patel: 36 years), median Glasgow Coma Score (GCS) on admission (our sample: 7; Patel: 7) and median Injury Severity Score (ISS) (Greenspan et al., 1985) (our sample: 20; Patel: 25) were broadly comparable. The surviving population at 6 months reported by Patel consisted of 3% with Glasgow Outcome Score (GOS) 2; 20% with GOS 3; 26% with GOS 4 and 49% with GOS 5. The results for our sample were: 0% with GOS 2 (unable to complete assessments); 13% with GOS 3; 45% with GOS 4 and 42% with GOS 5. This may suggest a slightly inflated participant response from the GOS 4 outcome group (see Discussion).
Neuropsychological assessment
The computerized tasks were taken from the Cambridge Neuropsychological Test Automated Battery (CANTAB) (www.camcog.com) and were run on an Advantech personal computer (Model PPC-120T-RT) and responses registered either via the touch sensitive screen or a response key, depending on the task. Participants were seated $0.5 m from the computer screen and asked to make responses by touching the screen with their dominant hand. The volunteers completed a series of tasks, which are detailed in Table 1 .
Statistical analysis
Analyses were carried out using the Statistical Package for Social Sciences V11.0.1 [SPSS Inc, Chicago (IL), USA]. Non-parametric statistics (Mann-Whitney U-test) were used as the distribution of the data violated assumptions of normality. It should be noted that a number of statistical tests were used in the neuropsychological analysis and, as such, significant results may capitalise on chance and the overall probability of a Type I error may exceed 5%. However, the cholinergic hypothesis predicts a specific pattern of results across a range of tasks, including both impaired and intact performances. Setting the acceptable alpha too low would reduce the power of detecting a group difference on tasks for which intact performance is predicted. To lower the probability of capitalizing on chance, analyses were planned a priori and it is the pattern of results that was interpreted.
MRI
A subgroup of volunteers (see Results) underwent MRI scans performed on a Bruker Medspec 30/100 spectrometer (Bruker Medical, Etlington, Germany) attached to an Oxford 3.0 T, 910 mm bore whole body, actively shielded, magnet (Oxford Magnet Technology, Oxford, UK).
A multi-oblique three-dimensional spoiled gradient-echo (3D SPGR) sequence was acquired using a repetition time (TR) of 19 ms, an echo time (TE) of 5 ms, a flip angle of 25 , a field of view of 256 3220 3 180 mm and a matrix size of 256 3 220 3 180 (giving a spatial resolution of 1 3 1 3 1 mm).
MR analysis
The 3D SPGR scans were analysed using Statistical Parametric Mapping (SPM2) software (Wellcome Department of Cognitive Neurology, University College London, London, UK). Each scan was pre-processed in accordance with the VBM protocol described by Good et al. (2001) . Briefly, the data were normalized to a standardized template (Friston et al., 1995; Ashburner and Friston, 2000) . The data were normalized by global grey matter; this is a fundamental component that accounts for any difference among participants that are simply due to differences in brain size. The images were segmented using a Bayesian algorithm (Ashburner et al., 1997) and continuous probability maps were produced where the values correspond to the posterior probability that the voxel belonged to the grey matter partition. White and grey matter segmented images were smoothed with 12 mm isotropic Gaussian kernels, which render the voxel values an index of the amount of grey (or white) matter per unit volume under the smoothing kernel.
Inferences from statistical parametric maps were made at the False Discovery Rate (FDR) statistical threshold level, which is corrected for multiple comparisons across the entire brain (Genovese et al., 2002) .
Results
The head injury group consisted of seven females and 24 males, while the control group consisted of 16 females and 16 males. Both groups had MMSE (head injury group: 27.9 6 0.3; control group: 28.9 6 0.2) and NART (head injury group: 105.9 6 2.0; control group: 110.7 6 1.4) scores within the normal range. There were no significant differences in age (head injury group: 34 6 2.8 years; control group: 35 6 2.4 years), NART scores or gender for the head injury and control groups. There was a significant difference between the groups on the MMSE score (Mann-Whitney U-test: Z = À2.8, P = 0.005), although both groups were within the normal range. The patients' head injuries were caused by road traffic accidents (n = 13), falls (n = 10), assaults (n = 4) and cycle accidents (n = 2). The cause of the remaining two individuals' injuries was unknown. Six individuals in the head injury group suffered from epilepsy (19%). The clinical characteristics of the head injury group are shown in Table 2 .
Neuropsychological assessment
As can be seen in Table 3 , performance on several of the subtests of the CANTAB battery (namely spatial span, spatial working memory and set shifting) did not differ between the two groups. By contrast, there was a significant difference on rapid visual information processing, pattern and spatial recognition, reaction time and paired associate learning. The nature of these statistically significant differences is considered in detail below.
Simple reaction time
The head injured group had a significantly slower reaction time than controls (Z = À3.5, P < 0.001).
Pattern recognition
The head injured group made significantly more errors in pattern recognition than controls (Z = À2.7, P = 0.006) and responded much more slowly than controls (Z = À3.5, P < 0.001).
Spatial recognition
The accuracy of the two groups at spatial recognition did not differ significantly (Z = À0.7, P > 0.4). However the head injured group had significantly longer response times (Z = À2.4, P = 0.015).
Paired associate learning
The head injured group made significantly more errors at this task than the control group (Z = À1.9, P = 0.049).
Rapid visual information processing
The two groups performed similarly on the measure of B 0 (Z = À1.3, P > 0.19). However the head injured group had significantly longer response times (Z = À2.0, P = 0.038), Marshall score: classification based on computerized tomography (Marshall et al., 1991) . Higher scores of GCS, GOS and ISS indicate greater severity (Greenspan et al., 1985) . APACHE = acute physiology and chronic health evaluation (high scores indicate greater severity of disease) (Knaus et al., 1985) ; DI = diffuse injury; (N)EML = (non) evacuated mass lesion.
which could be accounted for using the results from the simple reaction time task. The head injured group scored significantly lower on A 0 ; indicative of reduced levels of target detection (Z = À3.0, P = 0.003).
Depression
The BDI scores were significantly higher in the head injured group compared with the controls (Z = À3.3, P = 0.001). In order to determine whether the higher incidence of depression influenced the neuropsychological results, the statistical analysis was carried out excluding all individuals (n = 13) scoring in the range of clinically significant depression (BDI >10). The pattern of results remained the same as reported above, with the exception of the Paired Associate Learning test, where there was no significant difference in accuracy (Z = À1.1, P > 0.2).
MRI
Nine individuals out of the whole cohort of 31 patients in the head injured group did not complete an MRI scan either due to metallic implants or claustrophobia. Consequently, 22 patients were scanned (seven females, 15 males). The number of individuals in the control scanned group was selected to match the number in the head injured group (12 females, 11 males). The neuropsychological profiles of the scanned subgroups did not differ from the overall group profile.
The VBM analysis revealed a diffuse pattern of abnormality, which is detailed in Tables 4 and 5. Significant decreases in grey matter density were found in the region of the acetylcholinergic basal forebrain nuclei and in areas receiving projections from all of the major cholinergic pathways (such as bilateral hippocampal formation, bilateral insula and the thalamus). Significant decreases in white matter density were found in the lateral capsular pathway and the medial pathway.
Discussion
This study reports a neuropsychological profile and a pattern of structural abnormalities in a group of head injured patients consistent with a chronic cholinergic deficit. The head injured survivors had significant deficits in sustained attention, paired associate learning and reaction time, consistent with previous findings (Arcia and Gualtieri, 1994; Ruff et al., 1994; Whyte et al., 1995; Robertson et al., 1997; Hellawell et al., 1999; Zahn and Mirsky, 1999; Chan, 2000; Polo et al., 2002) . These cognitive skills have been shown to depend on the integrity of the cholinergic system (Crow and Grove-White, 1973; Ridley et al., 1984; Muir et al., 1994; Voytko et al., 1994; Ragozzino et al., 1996; Gill et al., 2000; Himmelheber et al., 2000; Rezvani and Levin, 2001; Rogers and Kesner, 2003) . In contrast, this profile is inconsistent with abnormalities of either the dopamine or the serotonin systems (e.g. Park et al., 1994; Harmer et al., 2001) . While performance on these tasks is also modulated by pharmacological manipulation of the noradrenergic system (e.g. Jakala et al., 1999b; Middleton et al., 1999; Smith et al., 1999) , spatial working memory performance is also affected by modulation of noradrenaline (Jakala et al., 1999a; Middleton et al., 1999) . As the head injury group were unimpaired on the spatial working memory task, this suggests that noradrenaline abnormalities cannot per se account for the neuropsychological profile found in this study. The overall neuropsychological profile of the head injured patients is therefore consistent with cholinergic abnormality and indeed is very similar to that seen in patients with mild Alzheimer's disease . Attributing the VBM results to particular neurochemical systems is difficult due to the overlapping projection patterns of the systems (see Table 6 ). In addition, the possibility that the abnormalities detected are not related to a particular neurotransmitter system should also be considered. However, the pattern of structural abnormality detected using VBM appears to be highly coincident with the distribution of the cholinergic system in the brain. In particular, areas known to be rich in cholinergic innervations (e.g. bilateral hippocampal formation and the thalamus (see Perry et al., 1999) ) were found to have reduced grey matter density. Further, several areas of the cholinergic pathways described by Selden et al. (1998) had significant reductions in white matter density. Indeed, a considerable proportion of the cholinergic sources, projections and pathways in the human brain were found to be abnormal. Of the remaining cholinergic areas, some are likely to be structures beyond the resolution of the VBM methodology (e.g. the olfactory bulb) and other areas were encompassed by large clusters with maximal peaks elsewhere (e.g. see medial frontal abnormality in Fig. 2A) .
Given the diffuse nature of the abnormalities, it might be suggested that the pattern of abnormality is consistent with the distribution pattern of other neurotransmitter systems, for example dopamine or serotonin. However, the absence of detectable abnormality in the basal ganglia, rich in dopamine and serotonin (Kandel et al., 1991) combined with no abnormality being detected in source regions of dopamine, noradrenaline or serotonin (compared with ACh) suggest this hypothesis is unlikely (see Table 6 ). Further, the neuropsychological profile is also indicative of a cholinergic abnormality. Table 6 Location of principal sources and projections of neurotransmitters These results suggest that the cognitive sequelae associated with head injury may be ameliorated by drugs that enhance cholinergic function. Although chronic use of acetylcholinesterase inhibitors is now routine in the treatment of Alzheimer's disease (Rogers et al., 1998) , use in head injury survivors is not current practice. The data from this study, combined with the case reports of cognitive improvements following cholinergic enhancement (Goldberg et al., 1982; Levin et al., 1986; Weinberg et al., 1987) , suggest that large-scale, blinded drug trials are now warranted.
This study provides neuropsychological and structural imaging evidence that there is a chronic cholinergic deficit in head injury survivors. Future studies are necessary to confirm these findings and further elucidate the nature of the cholinergic dysfunction. In particular, use of recently developed PET ligands that bind to ACh receptors (e.g. 4N 11 C methylpiperidylbenzilate (Sihver et al., 2001) and 123 I quinuclidinyl benzilate (Kemp et al., 2003) ) is likely to prove fruitful.
Data from post-mortem studies post fatal head injury support the hypothesis that the pattern of abnormality found in the VBM analysis of this cohort is linked to the cholinergic system (Dewar and Graham, 1996; Murdoch et al., 1998 Murdoch et al., , 2002 . It is possible, however, that such patterns obtained from fatal head injury may not be seen in individuals surviving head injury. This possibility is underlined by the heterogeneity found in post-mortem studies of survivors of head injury who later die of other causes. These studies reveal that a mixture of diffuse and focal injuries is present in individuals who survive with severe disability, moderate disability or good outcome (Blumbergs et al., 1994; Adams et al., 2001; Jennett et al., 2001) . Indeed, it is notable that these studies report a very low incidence of thalamic abnormality and considerable heterogeneity in the samples.
The VBM data from our study are not fully consistent with the neuropathological appearances seen in previous studies. These discrepancies are likely to reflect the inclusion of individuals with alcoholism in other studies (Adams et al., 2001) , although differing age ranges (Jennett et al., 2001 ), higher incidence of epilepsy (Adams et al., 2001) and small sample size (Blumbergs et al., 1994) may also account for differences between studies. Additionally, as acknowledged in Jennett et al. (2001) , these studies recorded the presence or absence of lesions. More quantitative measures, particularly focussing on cholinergic markers, may reveal abnormalities consistent with the pattern found in this study. Our study population is generally representative of patients in whom neuropsychological testing is possible and appropriate; although they may not fully represent the spectrum of outcomes following head injury, they probably represent the prime therapeutic target for cognitive enhancement therapy. However, it is desirable that future studies should explore the relationship of cholinergic neuronal loss to changes on VBM and attempt to explain discrepancies between studies.
Survivors of head injury may have a higher risk of developing Alzheimer's disease (Heyman et al., 1984; French et al., 1985; Mortimer et al., 1985; Graves et al., 1990; Rasmusson et al., 1995; Nemetz et al., 1999; Lye and Shores, 2000; Fleminger et al., 2003; but see Shalat et al., 1987; Broe et al., 1990) and have been reported to have an earlier onset (Nemetz et al., 1999) . The underlying mechanism for this vulnerability is unknown. However, chronic cholinergic deficits (as suggested by this study) would be consistent with this predisposition. Indeed the cognitive profile of the survivors falls midway between that of individuals with Alzheimer's disease and those with questionable dementia (see Swainson et al., 2001 ). It will be important to determine, in future work, whether there is any evidence that the cognitive abnormalities noted in this study are progressive, particularly as the Paired Associate Learning test has been found to be sensitive to the early detection of Alzheimer's disease (Blackwell et al., 2004; Swainson et al., 2001) .
The mechanism underlying the disruption of the cholinergic system is unclear. Several different possibilities have been suggested in the literature. Cholinergic damage may occur as a result of ischaemia, as seen in microsphere embolized rats (Takagi et al., 1997) . Consistent with the neuropathological A B C Fig. 2 Representative results from VBM analysis. Red indicates areas of decreased grey matter density. Blue indicates areas of decreased white matter density. Images thresholded at FDR P < 0.01 (grey matter) and FDR P < 0.05 (white matter) (A) septal nuclei, diagonal band of Broca, nucleus basalis of Meynert (À2 4 2), (B) bilateral hippocampal formation (À21 À11 À22) and (C) medial pathway (À8 À41 21) (lateral capsular pathway abnormality also visible).
pattern found in this study, the hippocampal formation is known to be exquisitely sensitive to ischaemia . However, Murdoch et al. (1998) found no correlation between ischaemia and abnormal CHAT levels, suggesting that ischaemia is unlikely to be the sole cause. There is some evidence to support a role for chronic hypoperfusion (de la Torre, 2000), while raised intracranial pressure (leading to internal herniation of the midline structures) may also be implicated in the basal forebrain abnormalities. Future studies should explore the relationship between the neurocognitive and structural abnormalities seen post head injury and both primary injury and secondary insults. The finding of common structural abnormalities in the head injured group despite the hetereogeneous cause of injury (see above) suggests that the causal factors are likely to be secondary to the acute injury. Diffuse head injury caused by acceleration/deceleration leads to stereotyped injury to the inferior frontal and anteriotemporal poles of the brain. Evidence that cholinergic disruption is associated with secondary insults includes a negative correlation between survival time and CHAT levels in post-mortem studies (Murdoch et al., 1998) . This is further supported by animal studies that reveal that reductions in ACh receptors noted at 24 h post injury are not detectable 3 h post injury (DeAngelis et al., 1994) . The anatomical pattern of degeneration post head injury in animal models has also been shown to evolve over time, with only hippocampal abnormalities being detectable at first, followed later by thalamus and basal forebrain abnormalities (Leonard et al., 1997; Chen et al., 2003) .
A number of researchers have suggested that head injury may lead to a selective disruption in the ACh pathways (e.g. synthesis, reuptake and degradation) (see Dixon et al., 1994b; Schmidt and Grady, 1995) . For example, it has been suggested that the cholinergic neurons have a unique metabolic capacity, which renders them particularly vulnerable to damage. These neurons not only use choline to form the neurotransmitter acetylcholine, but also use choline in cell membrane synthesis. When choline is depleted [e.g. after the excitotoxic release of neurotransmitters which occurs post head injury (e.g. Hutchinson et al., 2002) ], the neurons may use the choline bound in the cell membrane to create ACh. Such autocannibalism would lead to selective cholinergic cell loss (Wurtman, 1992) .
Although the results from this study are consistent with a relatively selective deficit in the cholinergic system, it is important to acknowledge that this is unlikely to occur in isolation. Acetylcholine interacts with many other transmitters including dopamine, noradrenaline, serotonin, GABA and glutamate (see Lucas-Meunier et al., 2003) and cognitive functions are unlikely to be a simple function of just ACh. For example, in animal models, deficits associated with cholinergic disruption are further exacerbated by noradrenaline depletion (Decker and Gallagher, 1987) . While gross disorder of neurotransmitter systems (other than the cholinergic system) is not consistent with the neuropsychological profile of the head injured individuals (see above), it is likely that mild abnormalities in the other neurotransmitter systems are present in the head injury group at a level where functional and structural abnormalities are not detected by neuropsychological assessment and MRI scans.
Limitations of the study
In order to perform VBM, it is necessary to co-register all the scans in stereotaxic space. This is done by using an automated algorithm that minimizes a measure of difference between the image and a template. It is possible that the normalization accuracy in the head injured group was compromised by the presence of focal lesions in some of the patients. We attempted to minimize these errors by not using non-linear transformations, which are especially vulnerable to inappropriate distortions (Brett et al., 2001 ). As we were interested in determining the location of structural abnormality, cost function masking was not used in order to avoid introducing bias for lesion location. Visual inspection confirmed that the normalized images did not contain distortions. While it is possible that imperfect spatial normalization may have affected the results given the heterogeneity of the injury causes and focal lesion location, we consider it unlikely that such differences would give rise to systematic differences.
The sample of patients in this study may not be representative of all head injury survivors (see Results). The study required participants to be able to comprehend simple instructions and cooperate with the testing session. However, in our experience, very few individuals are unable to meet these criteria, consistent with findings in other patient groups (e.g. Swainson et al., 2001) . Indeed the mean MMSE score of $28 was close to ceiling (30) and well above the dementing range of <24. It is possible that survivors with good outcome are less inclined to contribute to research, particularly if they have already returned to work. Nevertheless, this study shows that at least a subgroup of head injured survivors may have chronic cholinergic dysfunction.
The high incidence of depression (13 out of 31) in our sample is comparable with levels reported in other studies (e.g. Mayou and Bryant, 2001) . Although clinical depression is associated with cognitive dysfunction (e.g. Sweeney et al., 2000; Tavares et al., 2003) , it is unlikely that cognitive deficits found in the head injured group can be attributed to the incidence of depression. First, the pattern of results remains very similar when the individuals with depression are excluded. Secondly, depression is associated with a broad range of deficits including tests of executive function (Elliott et al., 1997) . Patients scoring within the clinical range on the BDI were not excluded from the overall study to maintain the representative nature of the sample of head injury survivors.
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